been reached that required a unifying term to identify this type of research as a whole. The term in fact covered complexes formed using classical organometallic ligands (e.g. CO, alkyls, π-bonded species) or biomolecules (steroids, amino acids, sugars, peptides, DNA, vitamins, enzymes, antibodies) attached by direct metalcarbon linkages, but all having in common their ability to play a role in biological processes. This by no means exhaustive list should give an idea of the potential scope of this field [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
The idea of combining organometallic and biological components had of course occurred before to a number of researchers, with varying results. This opening chapter aims to address this period of induction and emergence, viewed from today's perspective, and to attempt to show the development of the founding principles of this field, which is multidisciplinary by definition and thus requires advances on several fronts for its own development. In this respect, it is remarkable that one of the factors leading to the explosion of the field was the enhanced understanding of the metal-carbon (M-C) bond, with the result that all studies up to and including the structure of vitamin B 12 consider only σ bonds [16] [17] [18] . However, following the discovery of ferrocene and its sandwich structure [19] [20] [21] , we see the establishment of a theoretical basis for the understanding of new types of M-C bonds (σ, π and δ) such as, for example, those of metallocenes, metal carbonyls or metal carbenes (Scheme 1.1).
This structural diversity provided a wealth of new reactivity for chemical researchers and gave rise to the development of transition-metal organometallic chemistry in general, and later to bioorganometallic chemistry as we know it today [22] [23] [24] . The positioning of bioorganometallic chemistry is summarized schematically in Scheme 1.2.
Metal carbonyl: (Mond, Berthelot, Hieber)
Metal alkyl: (Pope)
Metal carbene: (Fischer, Schrock) Metallocene: (Wilkinson, Fischer) Metal hydride: (Hieber, Cotton) General formula Example 
Introduction
With the perspective of time, it is easier to see how the profusion of novel functions, novel structures and thus novel properties led to the phenomenal success of transition-metal organometallic chemistry in the second half of the twentieth century. The most thoroughly explored fields of application were firstly in the area of catalysis, with ground-breaking reactions such as Ziegler-Natta polymerization, asymmetric synthesis (Sharpless, Noyori, Kagan, Knowles) and olefin metathesis (Grubbs, Schrock), as well as organic synthesis, with a number of advances such as those involving C-C coupling (Stille, Suzuki, Heck, Pauson), and access to new materials and polymers (Kaminski, Marks, Brintzinger). It was not until later, since it required the integration of two disciplines as well as the ability to control the behavior of organometallic complexes in water, that bioorganometallic chemistry, the subject of the current chapter, appeared on the scene. Recent expansion has been rapid and at least five major fields of activity can now be identified (Scheme 1.3). A brief history of each will be followed by a deeper discussion in the later chapters of the aspects of these areas that have already been elucidated. more accommodating. They allowed Bunsen (1811 Bunsen ( -1899 to use a thatch-covered hunting cabin in the middle of the woods to study these cacodyl species from 1837 to 1842, and so identify their organometallic nature, i.e. possession of a direct M-C bond [27, [29] [30] [31] .
A number of cacodyl derivatives were subsequently discovered, notably various cacodylates used in the first half of the twentieth century as tonics and fortifying medicines for conditions associated with a lowering of hemoglobin levels (tuberculosis, multiple sclerosis, malaria, etc.) [28] .
The First Significant Organometallic Drug
The negative effects of arsenic have been known throughout history (e.g. Nero, or the Borgias). In seventeenth-century France, white arsenic, As 2 O 3 , acquired the name of "poudre de succession" (inheritance powder). Advances in organometallic chemistry were made throughout the nineteenth century in Europe. For example, Bunsen and Frankland described alkylarsines and alkylmercury compounds, Löwig synthesized (C 2 H 5 ) 4 Pb, Friedel and Crafts investigated organochlorosilanes, and Schützenberger prepared [Pt(CO)Cl 2 ] 2 . These reports led Ehrlich (1854-1915) and others to realize that organometallic compounds of arsenic could be less toxic, and easier to manipulate, than their inorganic counterparts. The idea was a novel one, but its implementation proved difficult, requiring the collaboration of a chemist, Bertheim, and a biologist, Sacachiro Hata. In turn, the systematic medical application of organoarsenicals as antiparasitic agents was due to the perseverance of Paul Ehrlich, who was awarded the Nobel Prize in 1908 [32] [33] [34] [35] .
Of all the compounds prepared before 1909, product No. 606 proved to be particularly effective against syphilis. It was marketed as Salvarsan ® in Europe, and was known as Arsphenamine in the USA. It was originally thought that this compound was an arsenic analog of azobenzene; it was represented as 1, a dimer with an -As=As-double bond and designated as 3,3′-diamino-4,4′-dihydroxyarsenobenzene (Scheme 1.4). Subsequent studies have shown that unsubstituted arsenobenzene is in fact a cyclic hexamer [(C 6 H 5 As) 6 ] and it seems probable that Salvarsan 2, is also polynuclear (Scheme 1.4) [30] . The 200DM banknote included an image of the structure in this configuration. Although Mapharsen ® , 4, is conventionally represented as an As(III) species with a double bond to oxygen (analogous to a nitroso-arene), this presumably cannot be correct and it is more likely to be an arsenious acid or a related cyclic structure. Unfortunately, X-ray crystallographic data do not appear to be available but the composition of Salvarsan has now been shown by mass spectroscopy (N. Salvarsan rapidly became the drug of choice for the treatment of syphilis, whose ravages at that time may be compared to those of AIDS today. Salvarsan itself is not easily soluble in water and its hydrochloride form proved too toxic for medical use. Salvarsan was therefore dissolved in a basic solution and administered in that form [34] . Some time later, NeoSalvarsan ® (No. 914; neoarsphenamine 3), a water-soluble derivative, resolved this difficulty [34] . However, both Salvarsan and NeoSalvarsan oxidize in air, and must be stored in sealed ampoules under a nitrogen atmosphere.
Arsenic Compounds after Ehrlich
After the death of Ehrlich in 1915, research into the organoarsenicals continued, and it was discovered that, in the body, Salvarsan was oxidized to oxophenarsine hydrochloride 4 (marketed as Mapharsen ® ). Since this compound was stable in air, it gradually replaced Salvarsan for therapeutic use, to the point where it became the predominant organoarsenic medicine during the 1930s.
Mapharsen and other arsenic analogs remained in therapeutic use throughout the 1940s but were gradually replaced by penicillin. This does not mean that organoarsenic compounds have completely disappeared from the market. Indeed, they are still employed in veterinary medicine for their antiparasitic properties, and their antiviral activity has recently been studied.
There remain a number of open questions concerning Salvarsan and its relatives, not least its actual structure and its mode of action. H. Morgan of the University of Waikate has developed a research program into the treatment of antibioticresistant infectious agents, based on the work of Ehrlich. Certain bacteria, including some that cause gastroenteritis, syphilis, intra-uterine infection and lyme disease, share the ability to break down sugar using a unique enzyme, but this enzyme may be blocked by using compounds containing arsenic. It would thus be interesting to discover whether Salvarsan or other related molecules might be able to block this key enzyme. Another compound worthy of note is Melarsoprol 5 (Arsobal ® ), used in the treatment of African sleeping sickness [36, 37] , while this and other compounds in the same series are effective in the treatment of refractory acute leukemia [38] [39] [40] . 
Organometallic Mercury Compounds
Mercury has been used in medicine since the time of Ancient Greeks, according to the account of Diascorides, and it is described by Avicenna in the early Middle Ages (980-1037) as a treatment for lice and scabies. Even in those times, the longterm toxicity of mercury was known [41] , to the extent that the life expectancy of criminals used in the cinnabar mines of Spain by the Romans was as little as 3 years. The ideas of Paracelsus (1493-1541) expressed during his tenure at the University of Basel, are often quoted on the subject of the nature of toxicity: Paracelsus wrote, "Alle Ding sind Gift und nichts ohn Gift; alein die Dosis macht das ein Ding kein Gift ist [All things are poison and not without poison; only the dose makes a thing not a poison]. For example, all food and all drink is a poison if consumed in quantities beyond the normal usage." [41, 42] . On this basis, he recommended the use of inorganic metal complexes for medical purposes, including compounds of arsenic and mercury. These compounds played a role in the treatment of syphilis for several centuries: see for example, J. J. Casanova de Seingalt (1725-1798) "Histoire de ma vie" (My life story). There is an interesting historical parallel between the compounds of mercury and those of arsenic, both in terms of the gradual change in approach from inorganic to organometallic chemistry, and the use of the resulting compounds 6 and 7 as medications (Scheme 1.5) or, in the case of the mercury or arsenic alkyls, as large-scale toxins [43] . Organomercury compounds are considered of little therapeutic interest today, although mercurochrome and merthiolate are still used as mild local antiseptics. This underlines the common tendency for compounds of this type; they are normally prescribed as external antibiotics rather than for internal use. In fact most cases of organometallic poisonings are due to ingestion of methylmercury compounds either from marine organisms or from treated seed grain [44] .
1.2.5
The Current Re-evaluation: Considerations of Efficacy, Toxicity and Selectivity
In addition to the explosion in synthetic potential given to organometallic chemistry by the wide range of new functional groups discovered in the second half of the twentieth century (Scheme 1.1), the other founding event that relaunched the field of metal-based drugs is directly attributable to Rosenberg. He discovered the antitumoral effects of the inorganic drug cisplatin, 8, in particular against testicular cancer. The compound had been synthesized in 1844 by Peyrone [45] but it was not until 120 years later that Rosenberg revealed its properties [46, 47] .
To date, around 20 000 articles on platinum complexes have been published; an excellent approach to the subject can be found in the book by Lippert [48] , and overviews of metal antitumor agents can be found in the publications of Keppler [49] , Sadler [50] or Clarke [51] . Despite this huge volume of work, the only inorganic complexes approved for clinical use as antitumor drugs are cisplatin, 8, carboplatin, 9, nedaplatin, 10, and oxaliplatin, 11 (colorectal cancer) (Scheme 1.6). Several others are in clinical testing, and the mechanism of action has been examined [52] .
Scheme 1.6 Chemical structure of cisplatin 8, carboplatin 9, nedaplatin 10, oxaliplatin 11.
The impetus to search for anticancer complexes other than those of platinum stems from its various drawbacks, including cellular resistance to platinum which is sometimes encountered in the clinic; the toxic side effects of cisplatin 8, which can be severe; and its limited spectrum of activity against other types of cancer [48] . In an attempt to overcome these difficulties, in particular those linked to general toxicity, the possibility of using inorganic complexes of other metals has been explored. For this purpose, complexes of ruthenium, a metal with properties similar to the naturally present element iron, seem particularly attractive. For example, a ruthenium(III) salt, 12 (NAMI-A), [ImH] + [trans-RuCl 4 (dmso)Im] -, imidazolium trans-imidazole(dimethylsulfoxide)tetrachlororuthenate (Scheme 1.7), shows interesting antimetastatic activity as well as possessing low toxicity in vivo [53, 54] . Phase I clinical trials indicate that it is well tolerated in human subjects [55] . In parallel with the studies being carried out in coordination chemistry, organometallic complexes of the same type have also been the subject of considerable endeavor, particularly those in the metallocene series with metals such as Ti, Fe, Mo, V, Re, Co, Ru, [56] [57] [58] [59] . Titanocene dichloride, 13, is paradigmatic; the structural analogy between 13 and cisplatin 8 is immediately clear. This organometallic complex 13 has been in clinical trials and was believed to react with DNA in a similar manner to cisplatin. However this complex is difficult to formulate for administration because of its ready hydrolysis. The clinical response was not encouraging and trials have been abandoned. It should also be noted that the Ti(IV) products resulting from the hydrolysis process show a strong proliferative effect in hormone-dependent breast cancers [60] . The research continues, however, using titanium complexes of particularly robust ligands [61, 62] . A concurrent approach, with the aim of lowering the toxicity of these metallic drugs, is based on changing the central metal. The organometallic complexes of Ru are confirming their promising early results for this purpose. In particular, half-sandwich complexes, such as the (η 6 -arene)Ru(II) systems 14 and 15 shown in Scheme 1.8, show only low general toxicity [63, 64] . Complex 14 shows promising anticancer activity both in vitro and in vivo, including activity against cisplatin-resistant cell lines [63] . Such organometallic complexes offer much scope for optimization of biological activity by changing the coordinated arene, the chelated ligand, and the chloride leaving group. Molecule 15 shows antimicrobial properties and pH-dependent binding properties [65] . These results are discussed in Chapter 2.
The approach described below is different and promising: it is based on modification via organometallic chemistry of a known bioligand (tamoxifen, chloroquine) in such a way as to optimize its effects. This selective targeting aims to increase efficacy via the organometallic functionality, perhaps involving the formation of oxidized species proximate to the active site [66] [67] [68] [69] [70] [71] [72] [73] . Scheme 1.9 summarizes two approaches that are most developed to date, to illustrate the targeting principle. The SERMs (Selective Estrogen Receptor Modulators), of which tamoxifen 16 (active metabolite hydroxytamoxifen, OHTam, 17) is the prototype, represented a significant step forward in the treatment of hormone-dependent breast cancer (ER+). To address the problem of nonhormone-dependent (ER-) tumors, hydroxyferrocifen (OH-ferrocifen, 18) was prepared. This molecule shows antiproliferative effects on breast cancer cells classed either ER(+) or ER(-). This is due to the particular properties of ferrocifen in an oxidizing environment, which in this type of structure produces targeted apoptosis [67] [68] [69] .
The other current example involves malaria. Chloroquine, 19, one of the currently prescribed antimalarials, is subject to resistance phenomena, while ferroquine 20, surprisingly, does not have this problem. The latter product is currently in clinical development at Sanofi-Aventis [73] . All of these recent developments are discussed in detail, with further examples, in Chapter 3.
Toxicology and the Environment
This book will not deal in detail with the toxicological and environmental problems associated with the use of organometallics since these subjects have been covered extensively in books by Thayer [44] and Craig [74] , respectively. However, it is worth noting that the toxicity of organometallic compounds, e.g. Ni(CO) 4 , was recognized almost as soon as they were discovered. For the record, and as an illustration, a few historical incidents are briefly outlined here.
The antiestrogen tamoxifen 16, its active metabolite hydroxy tamoxifen 17 and hydroxy ferrocifens 18. Minamata disease was the name given to organomercury poisoning following the first reported large-scale event of this type, to which the inhabitants of the Minamata Bay area in Japan fell victim in 1953. The toxin was CH 3 -Hg-SCH 3 [75] , from the shellfish Hormonya mutabilis, but downstream of the effluents of a factory preparing acetaldehyde [76] . Owing to these serious toxicological problems, the biology of methyl mercuric chloride is the most intensely studied of all organometallics [44] .
Organoarsenics were considered for use in poison gas attacks during the First World War. The best known of these gases is lewisite (ClCH=CHAsCl 2 ), which was proposed as a "blistering gas" but was never used [77] . Poison gas research led to the development of antidotes, of which the most widely used was 2,3-dimercaptopropanol [HSCH 2 CH(SH)-CH 2 OH], known as mercaprol or BAL (British anti-lewisite). It works by binding to the arsenic atom to form a water-soluble complex that is excreted by the body [78, 79] .
An early organometallic molecule, tetraethyl lead, which was first made in Zurich by Löwig [80] , was widely used for a period of time as a fuel additive, until recognition of its effects on the environment and its implication in cases of environmental poisoning led to its prohibition [81] . The toxicology of (η 5 -methylcyclopentadienyl) manganese tricarbonyl (MMT) has also been studied; it is a permissible fuel additive in some jurisdictions in North America.
The unfortunate story of "Stalinon" was very harmful to the biological development of tin-based organometallic compounds. Like Minamata disease, it severely delayed the development of therapeutic applications for organometallics. In 1954, 4 million capsules, prepared for the treatment of staphylococcal infections and believed to contain diethyltin diiodide, were distributed in France under the name of "Stalinon". This was a case of the cure being worse than the disease; 102 people died and as many were affected by various neurological disorders. It was subsequently shown that (C 2 H 5 ) 2 SnI 2 , and even more so (C 2 H 5 ) 3 SnI (present as an impurity), were powerful neurotoxic agents [82, 83] .
This reputation for toxicity clearly has not been advantageous for the development of therapeutic applications for organometallic compounds, although a more favorable tendency is in evidence for the derivatives of silicon, phosphorus or germanium [84] [85] [86] . It should be noted, however, that although attaching organic groups directly to the metal may increase toxicity, this is not always the case. It was noted earlier that organic compounds of arsenic are less toxic than their inorganic analogs and that this observation led to Ehrlich's pioneering work on chemotherapy.
We cannot conclude this brief historical outline of organometallics without mentioning Gosio gas. Starting in nineteenth-century Germany, cases were reported of poisoning occurring in rooms decorated with wallpaper that had been colored using arsenate salts. In dark, poorly ventilated, damp and musty conditions, the paper could be attacked to give off a volatile, evil-smelling compound that contained arsenic. Gosio proposed that this toxic compound was [(C 2 H 5 ) 2 AsH] [87] . But it was in fact Challenger who solved the problem [88, 89] , identifying the gas as containing [(CH 3 ) 3 As], trimethylarsine, and realized that it was caused by a biological process involving molds with S-adenosylmethionine, and coined the term "biological methylation" to describe this process which turned out to be a more general one. Such biological methylation processes to give toxic organometallics may also involve methylcobalamine. The same question has arisen for Hg and Sn, in the latter case concerning the organotins used as antifouling agents.
Bioanalytical Methods Based on Special Properties of Organometallic Complexes
The development of the radioimmunoassay (RIA), an indirect assay method using radioactive tracers and specific antibodies of the analyte, made great strides in the 1960s, following the work of Yalow and Berson [90, 91] . This development was decisive in the history of bioanalysis, since it increased assay sensitivity by a factor of at least 1000 compared to direct assay [92] . The possibility of using organometallics in this context was first raised by Gill and Mann [93] . These authors were interested in the possibility of labeling a ferrocene with 59 Fe, a radioactive isotope of iron, which is a mixed β and γ emitter with a half-life of 44.5 days. Injection of a synthetic polypeptide labeled with 2 or 16 ferrocene entities into rabbits produced anti-ferrocene specific antibodies, incidentally establishing the non-toxicity and stability of ferrocene in vivo. It was soon realized however that the use of radioisotopes was not without problems, including their limited shelf life, the relatively small number of usable isotopes, and cost. But it was the associated health risks that brought about draconian controls and led to their use being limited to a few specialized analytical laboratories. The early 1970s consequently witnessed the appearance of the non-isotopic approach, that is, the development of immunological tests not requiring the use of radioactive tracers. Of these, methods using enzymatic, fluorescent or luminescent probes received particular attention [94, 95] . The potential offered by metal probes, whether the metals were in the form of gold colloids, rare earth chelates with interesting fluorescence properties, or organometallic complexes, quickly became apparent [96] [97] [98] . Cais in particular introduced the term metallo immuno assay (MIA) as early as 1977 to refer to immunoassays using metal complexes as tracers [96] . Some of these in fact possess unusual physico-chemical properties that allow them to be analyzed in the picomole range, as required by immunoassay. In addition, the great versatility of organometallic synthesis permits relatively straightforward access to tracers corresponding to a large number of desired analytes (cf. Table 8 .1). Since Chapter 8 provides a complete review of this subject, just a few examples of the pioneering work done in this field should suffice here.
The mid-1980s saw the development of the first three non-isotopic immunoassays to use organometallic tracers that actually came to fruition. They are based on three different analytical techniques: atomic absorption, electrochemistry, and Fourier-transform infrared spectrocopy (FT-IR) [99] [100] [101] . Cais himself did not bring to completion an actual immunoassay by atomic absorption, although he tested the technique with this view in mind [102] . Brossier was the first to validate 1280vch01.pmd 28.09.2005, 17:54 12 this approach, in the case of antidepressants [103] by quantifying the manganese atom in the nortryptiline tracer 21. This technique suffers, however, from a lack of sensitivity because of possible solvent contamination by trace metals, and has not been the subject of recent development.
Electrochemical analytical methods all possess high sensitivity, require only low-cost (and miniaturizable) instrumentation, and can be used in turbid conditions. In addition, the unusual electrochemical behavior of ferrocene, which possesses a reversible and stable redox response, was quickly recognized. McNeil accordingly published as early as 1986 an ingenious homogeneous ferrocenemediated amperometric immunoassay of lidocaine, a drug used in the treatment of cardiac arrhythmias, by using the ferrocenyl tracer of lidocaine 22 [100] . Later, Degrand and Limoges developed another type of immunoassay based on electrochemical detection of the electroactive cationic cobaltocenium derivative of amphetamine 23 combined with the specific properties of Nafion ® [104] .
Electrochemical detection is also the basis of DNA sensors or genosensors, a new family of biosensors for the detection of pathogens or specific genes associated with diseases (see Chapter 9) . It is interesting to note that a biosensor of this type, the eSensor™, developed by Farkas [105] [106] [107] has reached the market. The principle of its activity is shown in Fig. 1.1 . Another commercially successful product is the "ExacTech Pen", manufactured by Medisense Inc., which is used to monitor glucose levels in people with diabetes. Glucose oxidase (GOD) is immobilized onto a pyrolitic graphite electrode, and the ferrocenyl center in 25 (Scheme 1.12) is used to shuttle electrons between the enzyme and the electrode. The ferricinium ion replaces oxygen as the cofactor for GOD. The formal potential of the ferrocene depends on the substituents on one or both rings, but the electron transfer reaction retains the advantageous qualities of rapidity and reversibility [100] . The third technique, infrared spectroscopy, was revolutionized at the beginning of the 1980s, when the old dispersive equipment was replaced by Fourier-transform instruments served by desktop computers. It was this technological revolution that permitted the development of infrared spectroscopy as a reliable and sensitive analytical technique [108, 109] . Metal carbonyls with an M-CO bond are one of the major families of organometallic compounds (see Scheme 1.1), at the basis of the first organometallic industrial applications (Mond, Roelen) as well as recently put to new uses (Fischer carbenes), but they are also well-known for their unique spectroscopic properties in infrared (see Chapter 7). In fact the very intense stretching vibrations of M-CO bonds resonate in infrared in the 2000 cm -1 region, a zone where practically no standard organic functions resonate at all. This is clearly visible in the spectrum of the chromium carbonyl complex, 26, whereby the characteristic a 1 and e ν CO stretching vibrations, typical of a C 3v symmetric moiety, appear at 1956 and 1876 cm -1 ( Fig. 1.2 ). These bands are also 8-10 times more intense than any other band in the spectrum and appear in an absorption window for proteins ( Fig. 1.3) . A self-assembled monolayer is generated on a gold electrode. For electrochemical detection to occur across the monolayer, two hybridization events must occur: the first between the capture probe (shown in black perpendicular to the electrode) and the target (for example, human papillomavirus DNA, shown in gray), and the second between an adjacent region of the target and ferrocene labeled signal probe (shown in black parallel to the monolayer) [106] . This unusual property, and in particular its analytical potential, was demonstrated for the first time in 1985 in the case of a hormone bound to its specific receptor [1, 2, 111] . The initial idea was to complex the aromatic A ring of estradiol with a Cr(CO) 3 entity (Scheme 1.13). The corresponding complex was successfully prepared, but the presence of a phenol entity makes it unstable and thus unusable in biological media. Moreover, it is well known that this phenol group is essential for the interaction of the hormone with its receptor. Distancing the OH group using a 3-carbon chain produced two stable diastereoisomers, 26α and β, with the Cr(CO) 3 moiety on either one face of the steroid or the other. The β isomer, the one in which the Cr(CO) 3 group is on the same side as the 17β-OH and 13β-CH 3 groups, shows only weak recognition for the estrogen receptor (RBA = 1.8%) while recognition of the α complex is much better (RBA = 28%). To date, it is still the only example in the literature that is capable of discrimination, at the level of the A ring, between the α and β faces of estradiol.
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Although the amounts of estradiol receptor in target tissues (uterus, certain hormone-dependent breast tumors) are small (in the fmol mg -1 protein range), it was possible to detect the characteristic bands in FT-IR of the organometallic hormone 26α bound to the estrogen receptor and contained in a precipitated cytosol from sheep uterus (Figs. 1.4 and 1.5).
It was difficult to envisage a solid-phase quantitative analysis at this level of concentration. However, for an alkyne cobalt hexacarbonyl complex such as 24 in a chlorinated solvent, use of an ultralow volume gold light-pipe can provide a detection limit as low as 300 fmol (i.e 10 nM), [108] , a level fully compatible with the sensitivity range required for the assay of many medications and banned drugs. This possibility led to the development of the CMIA method to assay antiepileptic medications [101, [112] [113] [114] and cortisol [115] , a method that offers the additional potential of the simultaneous triple immunoassay, thanks to the distinct and nonoverlapping infrared bands of carefully-selected metal carbonyl probes [116] . It is also possible to displace the ν CO bands in the infrared by modifying the electron density at the metal, via substitutions of L or Cp ligands [117] . In addition, solvation and environmental phenomena can cause the ν CO vibrations to shift. The harnessing of these phenomena is described in Chapter 7.
Naturally-occurring Organometallics and Synthetic Models
The relationship between organometallics and Nature is very old, and the last few decades have revealed in it new levels of complexity.
It is now accepted that this planet was formed 4.6 billion years ago. The oldest sedimentary rocks containing carbon of biological origin (which can be distinguished by its slightly different isotopic composition) were recently discovered on the island of Akilia, to the south-west of Greenland. These rocks have been shown to be 3.85 billion years old [118] .This means that living organisms, presumably very rudimentary and obviously microscopic, must have appeared very quickly on a planet still being bombarded by ultraviolet radiation and with no atmospheric oxygen. The simple molecules present on the earth at that time included H 2 , CH 4 , H 2 O, H 2 S, N 2 , NH 3 , HCN, CO, CO 2 . The overall result was a reducing atmosphere very suitable for organometallic chemistry [119] . The question of how the first spark of life arose remains unanswered, but it is conceivable that the bridge between the inorganic and biological worlds, via the effect of metal clusters of the Fe-S type, could have involved the intervention of organometallics [120] . The known capability of FeS and NiS species to catalyze the synthesis of acetyl methyl sulfide from CO and methyl sulfide constituents of hydrothermal fluids, indicates that prebiotic syntheses could have occurred at the interface of these metal-sulfide walled compartments, providing sufficient concentrations of reactants to forge the transition from geochemistry to biochemistry [121] . Little by little, research into carbon-metal bonds in natural systems became established [23, 122] . Historical primacy belongs to vitamin B 12 , its coenzyme and methylcobalamin [16, 123, 124] which were long considered the only naturallyoccurring compounds with a metal-carbon bond. The story begins with the observation that raw liver is a cure for an otherwise fatal condition, pernicious anemia. The active component extracted from the liver was first separated and then crystallized in 1948. Dorothy Hodgkin made the first crystallographic structural determination in the series, that of cyanocobalamin, with a tetrapyrrole ligand of the corrin type occupying the horizontal plane. Depending on the example, one of the axial sites may be occupied by a carbon ligand (methyl for methylcobalamin, adenosyl for the coenzyme of vitamin B 12 ) (Scheme 1.14).
The elucidation of the structure of vitamin B 12 was a tour de force of the early days of X-ray diffraction and was recognized in 1964 by the award of the Nobel Prize to Dorothy Hodgkin. The coenzyme B 12 acts in concert with a variety of enzymes that catalyze reactions of three main groups. In the first, two substituents on adjacent carbon atoms, -X and -H, are permuted, this is called the isomerase reaction. In the second type, methylcobalamin methylates a substrate, as in the conversion of homocysteine to methionine, for example. Finally, B 12 is also involved in the conversion of the ribose ring to the deoxyribose ring related to nucleotides. The coenzyme is required only in small amounts; 2-5 mg is present in the average human, for example, and one of the first signs of deficiency is the failure to form red blood cells.
The role of the coenzyme B 12 with a reducible cobalt(III)-alkyl bond which can function as nature's Grignard reagent (CR 3 -source), Meerwein's reagent (CR 3 + source) or as radical source (CR 3
• ) -the latter in the important 1,2-rearrangements e.g. of glutamic acid -is one of the most well studied fields in bioinorganic chemistry (Scheme 1.15). This area therefore will not be covered in this book.
Co
Co Although the question of the B 12 coenzyme remains of current interest [126] [127] [128] , recent research has focused on other cofactors of metal enzymes, certain of which owe their suprising properties to an organometallic reactivity that is not yet understood. Structural methods have been one of the keys to the recent advances on this front. In particular one may cite the active sites of nitrogenase [129, 130] , hydrogenase and CO dehydrogenase/acetyl-coezyme A synthase [131] [132] [133] [134] . In this book, J. Fontecilla-Camps, one of the leaders in this area, presents an overview of all the recent mechanistic advances (Chapter 11) while T. Rauchfuss and R. Linck focus on biologically-inspired organometallic models (Chapter 12). These two divisions are currently advancing in parallel, making good progress and feeding off each other.
Nitrogenase, because of its facility for producing NH 3 in mild conditions (Eq. 1.2), was a long-standing challenge for organometallic chemists. [135] . This synthetic challenge to activate molecular nitrogen by organometallic means was undertaken among others by the Russian group of Shilov, and also by Chatt and by Schrock [136] [137] [138] [139] [140] . Despite structural determinations to a resolution of 1 Å it is still not completely understood how the hydrogen is reduced by the nitrogenase nor even how it binds initially to the cofactor FeMo, although majority opinion leans towards the belief that the association and the reduction of the nitrogen occur on one of the faces of the Fe 4 S 4 cluster. The hydrogenases are classed into two major families, those containing Ni-Fe and those containing only iron, Fe-Fe. Those in the first category tend to be more implicated in the oxidation of hydrogen and those in the second in the production of H 2 . The latter aspect is interesting in the context of new sources of combustibles.
The chemical reaction employed produces the following result (Eq. 1.3).
This class of enzymes was described for the first time in 1931 by Stephenson and Stickland [141] . A major article published in 1995 reported the X-ray crystallographic structural determination Ni-Fe-H 2 ase from Desulfovibrio gigas [142, 143] . Among the interesting examples of this type of structure are a heterobimetallic Fe-Ni active site, the presence of CO and CN ligands on iron, and Fe-S clusters on one of the constituents of the dimer. The Fe-only hydrogenase is evolutionarily distinct from Ni-Fe-H 2 ase but has some common structural features e.g. CO and CN ligands. The seminal structures of C. pasteurianum (Cp) [144] and Desulfovibrio desulfuricans [145] [146] [147] have increased the focus of work on molecular models. 3 have a long and ongoing history [155] [156] [157] [158] [159] [160] [161] [162] [163] [164] that began 75 years ago (Scheme 1.17).
The evolution of CO-mobilized iron sulfide in nature to yield the [Fe]H 2 ases can be compared to the biomimetic molecules synthesized in the last 60 years. It is true that the current intense interest in organometallic sulfur chemistry is largely based on a fascinating aspect of biology whose economic potential is just being realized [150] . A recent model molecule of (Fe-Fe)H 2 ase is a real tour de force with a small Fe-Fe cluster attached to a large Fe 4 S 4 cluster by a bridging cysteinyl unit [165] . We note that the reactions of organometallic enzymes in nature usually occur under anaerobic conditions, exactly as the organometallic chemist is accustomed to carrying out reactions with strict exclusion of oxygen.
The bacterial metalloenzyme acetyl coenzyme A synthase/CO dehydrogenase (ACS/CODH) catalyzes two very important biological processes, namely the reduction of atmospheric CO 2 to CO and the synthesis of acetyl coenzyme A from CO, a methyl from a methylated corrinoid iron-sulfur protein, and the thiol coenzyme A [166] [167] [168] . This bifunctional enzyme is the key to the Wood-Ljiungahl pathway of anaerobic CO 2 fixation (Scheme 1.18) and a major component of the global carbon cycle. Reactions catalyzed by CODH and ACS are shown in Eqs. 17 Representation of the evolution of the CO-mobilized iron sulfide to yield the active sites of (Fe-Fe)H 2 ases and (Ni-Fe)H 2 ases (adapted from [148] ). 
Naturally-occurring Organometallics and Synthetic Models
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Scheme 1.18
Diagram of the Wood-Ljiungdahl pathway used in one-carbon metabolism of anaerobic organisms [167] . CODH stands for carbon monoxide dehydrogenase and ACS for acetyl-CoA synthase (adapted from [134] ).
These reactions exhibit similarities to other well-known organometallic catalytic processes. Thauer, a pioneer in nickel enzymes, emphasized in his lectures the analogy between bioorganometallic chemistry in bacteria and the industrial Reppe and Monsanto processes for the production of acetic acid, both involving metalcarbonyl, metal-methyl, methyl-acetyl bonds [169] . In the Monsanto process carbonylation generates CH 3 COI which reacts rapidly with water to give CH 3 CO 2 H. In the biological reaction, a thioester, also unstable in aqueous media, is easily hydrolyzed.
The nature of the active site of ACS has recently been the subject of much debate [131, 132, 170, 171] . It has now been established that it contains two nickel atoms [131] , although the mechanism is still under discussion [172] . For a review of the current situation, see Hegg [134, 173] . Still to be resolved issues are, inter alia, the order of introduction of CO and CH 3 , the mechanism of the CH 3 migration, the nature of the electron reservoir, the oxidation state of (Ni) (Scheme 1.19), and the question as to the involvement of a mononuclear or binuclear Ni site for the reaction. Fontecilla suggests a Ni(0) species and a mononuclear site [131] .
A related mechanism was proposed by Wächtershäuser [174] for the formation of the activated thioester H 3 C-C(O)-SCH 3 from CO and CH 3 SH on coprecipitated NiS and FeS. This C-C coupling can be considered as a model reaction from the prebiotic formation of activated acetic acid at the beginning of life. Recently, Weigand, Kreisel et al. [156] observed the formation of ammonia from nitrogen and hydrogen sulfide at the surface of FeS, and at atmospheric nitrogen pressure. This is an important model reaction for the prebiotic production of ammonia.
Another example for the close analogy between biochemistry and organometallic chemistry is found in CO dehydrogenase which has an important ecological role [175] . Soil microbes exploit CO as a carbon and energy source and, using CODH, can remove this toxic gas from the environment at a rate of about 3 x 10 8 tons per year. According to the Hieber-base reaction, it is suggested that hydroxide (from iron) attacks a Ni coordinated CO ligand to give a metallocarboxylic acid which decomposes to give CO 2 [133] . The original Hieber-base reaction involves the reaction of Fe(CO) 5 with hydroxide [176] (Eq. 1.6).
This reaction was reported in 1932 and led to the first carbonyl metal hydride, H 2 Fe(CO) 4 . The Hieber-base reaction was first interpretated by Kruck [177] , and it is now the accepted mechanism for the metal-catalyzed water gas shift reaction (Eq. 1.7).
Twenty-five years ago Thauer [178] reported that the growth of methaneproducing bacteria (methane from H 2 and CO 2 ) was influenced by a nickelcontaining tubule. This observation finally led to the isolation of Ni complexes from methanogenic bacteria and to their characterization as Ni macrocycles with a reduced porphyrinoid ring (cofactor F 430 ) [179] . The active enzyme contains Ni(I) at which the methyl groups can be oxidatively added. Methane is released by protonation of the Ni-CH 3 species. Many laboratory examples are known whereby methylating agents can be added to metals in low oxidation states; the formation (Ni p ) is the catalytically relevant ion in the proximal site but its oxidation state is not clear. The coordination sphere of (Ni p ) is completed by an unknown exogenous ligand L (adapted from [134] ). of methane from methyl complexes is also well known [180] . The importance of the methane-producing microorganisms stems from the fact that they release 10 9 tons of methane into the atmosphere every year. However, the anaerobic oxidation of methane has also been reported [179b].
Naturally-occurring Organometallics and Synthetic Models
Finding good organometallic models able to take into account the behavior of organometallic enzymes remains a major goal for the chemist. At present the particular relevance of the model chosen often proves to be a key consideration. Novel multidisciplinary approaches are starting to appear, however, and their complexity may provide new sources of inspiration for research. As an example, Böck recently posed the following question: how did nature tame toxic ligands such as CO and CN -so as to fix them on the iron atoms of hydrogenases? [181] .
Böck showed that in the biosynthesis of cyanide ligands in Ni-Fe-H 2 ases the CN -ligand is never free. The key step, after the synthesis of 27, followed by that of 28 (Eq. 1.8), is a chemical transfer of CN towards the active centre of the protein Ni-Fe-H 2 ase (with L N representing the coordination sphere of the active site).
(1.8)
The thiocyanate residue is transported towards the active site, and the transfer of the electrophilic CN entity to the nucleophilic centre of the iron (or vice versa) occurs to form the Fe-CN unit of the enzyme. This seminal work required a combination of radioisotopic labeling, mass spectrometry and reaction modeling studies. Thus, treating phenylthiocyanate with [(η [15] .
Monoxygenases are widely distributed enzymes which catalyze dioxygen activation using two electrons and two protons, with the insertion of one oxygen atom from O 2 into a substrate and the formation of water according to Eq. (1.9).
A great number of these monooxygenases contain a heme protein called cytochrome P-450 which is the site of diooxygen activation. These cytochrome-P-450-dependent monooxygenases are involved in many steps of the biosynthesis and biodegradation of endogeneous compounds such as steroids, fatty acids, prostaglandins and leukotrienes. They also play a key role in the oxidative metabolism of exogenous compounds such as drugs and other enviromental products allowing their elimination from living organisms. Because of their wide distribution in living organisms and their very important role in biochemistry, pharmacology and toxicology, cytochromes P-450 have been the subject of many studies during the last 20 years [182, 183] . For these reasons, the organometallic chemistry of the P-450 cytochromes, widely covered elsewhere, will not be revisited here. This chemistry was started by two groups, that of D. Mansuy on the porphyrin 1280vch01.pmd 28.09.2005, 17:54 24 iron carbene complexes [12] and that of R. Guilard on σ-alkyl type complexes [184] . For leading references see [185] [186] [187] [188] [189] [190] [191] .
The cytochrome P-450 and iron porphyrins exhibit a particular ability to stabilize iron-nitrene and iron-carbene complexes which are formally the nitrogen and carbon equivalents of iron-oxo complexes. Many iron-carbene complexes, Fe=CRR′, have been obtained either by in situ reduction of polyhalogenated compounds by iron (II) porphyrins in the presence of an excess of reducing agent, or by direct reaction between iron(II) porphyrins and some carbene precursors like diazo compounds. Among the few metalloporphyrins which have been found able to give stable metal-carbene complexes are Ru and Os porphyrins. On the contrary, Ni(II), Co(II) and Rh(III) porphyrins lead only to bridged carbene complexes upon reaction with carbene donors. These complexes are derived formally from the insertion of the carbene moiety into a metal-nitrogen (pyrrole) bond. Other model reactions indicate the importance of the organometallic chemistry of cytochrome P-450 where iron-carbon σ-bonds can also be formed.
A number of compounds containing carbon-halogen bonds, such as CCl 4 , CF 3 CHClBr (an anaesthetic agent marketed as halothane), benzyl halides etc. form carbenic or σ-bond complexes, depending on the nature of the reagent. However, other organometallic complexes of cytochrome P-450 may be formed as intermediates during the oxidation of various substrates, such as the epoxidation of propene. Finally, model systems of Fe and Mn are efficient oxidation catalysts, resistant to certain drugs and xenobiotics, and usable in fine chemistry (Scheme 1.20). 
Organometallic Chemistry and Aqueous Solvents
The compatibility of organometallic species with water, the essential biological solvent, is one of the conditions necessary for the advancement of the discipline. This is shown clearly in the case of anaerobic organometallic enzymes. But for chemists this has required a cultural change, despite the fact that water-soluble "oxo" catalysts of Rh bearing the P(m-C 6 H 4 SO 3 Na) 3 ligand are commercially produced. Aqueous organometallic chemistry [192] is a new and challenging area and ranges from life science to catalysis [198] . The area of organometallic radiopharmaceuticals is particularly representative of this need for compatibility. R. Alberto, one of the principal researchers in this area, deals with this question in Chapter 4.
Here we will recall just two of the advances made in the field of radiopharmaceuticals over the last few years. One shining example of an organometallic pharmaceutical that has been successfully commercialized is technetium-99m sestamibi, a hexakis (alkylisocyanide) complex of Tc-based radiopharmaceuticals [193] [194] [195] [196] [197] Tc radiopharmaceuticals. This water-and air-stable aquo-carbonyl complex 30 contains three labile water ligands that can easily be substituted with a wide variety of organic ligands, thus providing a family of carbonyl complexes that can be used in life sciences and nuclear medicine applications [198] [199] [200] [201] [202] .
As for organometallic amino acids, the peptides modified with them, and indeed the proteins and carbohydrates, their water solubility is a primary characteristic in terms of their use.
The first organometallic complex with an α-amino acid, Fe(CO) 2 (cysteinate) 2 , was reported in 1929 by Cremer [203] , and characterized by Schubert [204] . The first amino acid containing ferrocene was reported as long ago as 1957 by Schlögl [205] , and Pauson [206] . For a comprehensive review on ferrocenyl bioorganometallics see [207] . The pioneering work of Schlögl was later developed by Sergheraert and Tartar [208] and others [7, 209] . Hieber et al. [210] used the halo-bridged complex [M(NO) 2 Br] 2 with amino acids for the synthesis of the corresponding N,O-aminocarboxylates. The reaction of halobridged complexes was extremely useful for the preparation of many organometallic complexes of bioligands [7, 209] . Among the first organometallic complexes of α-amino acids were the palladium and platinum complexes (allyl)Pd(NH 2 CHRCO 2 ) [211] Sheldrick and Heeb [217] , as well as the groups of Carmona, Grotjahn, Werner, and Beck [7] successfully prepared and structurally characterized half-sandwich complexes of α-aminoacidates and small peptides. In these "Brunner type" [218] complexes, the metal is a chiral center and diasteromers arise with optically active α-aminoacids (Scheme 1.23). The carbonyl metal complexes which contain ligands of biological origin (nucleobases, amino acids) which were described before 1985 were reviewed by Ioganson [219] , and the organometallic chemistry of amino acids and small peptides has been summarized by Beck, Bergs and Severin [7] . The Beck group in Munich has published more than 150 papers in this field and an example is shown on Scheme 1.24. Chapters 5 and 6 give additional examples of organometallic peptides and proteins with chemical, biochemical and biological aims. Among the first organometallic complexes with nucleobases was a series of metal carbonyl complexes with these bioligands [220] [221] [222] . The structures of nucleobase-bridged carbonyl rhodium complexes were determined by Sheldrick [223] , who also obtained a series of half-sandwich ruthenium complexes with nucleobases (Scheme 1.25) [224] [225] [226] . Most of these primal studies with bioligands were mainly synthetic in their purpose and devoid of biological applications. However, they paved the way for further investigations. Ionic titanocene amino acid complexes [Cp 2 Ti(NH 2 CHRCO 2 ) 2 ] + show less pronounced antitumor activity [227, 228] than Cp 2 TiCl 2 [227] . Recently, Sadler et al. [229] studied the antitumor activity of the organometallic ruthenium complexes that had first been observed by Sheldrick [230] . Chapter 10 includes other examples of nucleobases complexes displaying unusual supramolecular host-guest recognition properties. Among the first transition metal complexes (excluding Hg compounds) with metal-carbon σ-bonds to carbohydrates were cobalt carbonyl and Cp(OC) 2 Fe complexes [231] [232] [233] [234] . These systems were also studied as intermediates in oxo reactions of unsaturated sugars [235] [236] [237] . Subsequently, metal carbene complexes of carbohydrates were synthesized [238] [239] [240] [241] [242] . In a series of papers, Dötz and coworkers [12, 243] introduced the "Fischer-type carbene functionality" into carbohydrates by using a number of different synthetic methodologies; these complexes can be used for the modification of sugars. Cyclopentadienyl-titanium complexes with chiral σ-coordinated ligands derived from glucose are stereoselective reagents in organic synthesis [244, 245] . A large number of chiral ligands derived from carbohydrates, mainly phosphines, are used in asymmetric catalysis [246] [247] [248] . The trimethylplatinum(IV) cation proved to be very well suited for the coordination of unprotected monosacharides (Scheme 1.26) [248] .
Another topic related to water and organometallics has been developed by Fish, who is the author of Chapter 10. In particular, Fish has tried to overcome the problem of cofactor regeneration in biocatalysis. At least one-third of all known enzymes require the use of cofactors such as NAD + (nicotinamide adenine dinucleotide) and its reduced form, 1,4-NADH, to perform oxidations or reductions. However, these cofactors are expensive and fairly complicated molecules. It has been shown that, in aqueous solution, some organometallic biomimetic models behave chemically like NAD + and are able to abstract a hydride ion [249] . 
Conclusions
The panoramic view presented here, which encompasses for the first time the many different aspects of bioorganometallic chemistry, makes it clear that the field now has a solid base from which extensive, multidisciplinary development can reliably be expected over the next few decades. The discipline benefits from a number of positive factors, including its ability to accommodate complexity and diversity, its use of a two-pronged scientific approach, the importance of the problems to be solved, the state of development of contemporary organometallic chemistry, the evolution of chemical thinking towards problems at interfaces and the amount of virgin terrain still to be explored. And perhaps above all, there is the opportunity offered to the imagination of the chemist in this science which, in Berthelot's words, "creates its own purpose".
Although bioorganometallic chemistry has already made great strides, there is much still on the horizon. There is no doubt that this avenue of research is capable of providing a source of inspiration and stimulating the creativity of chemists for the foreseeable future. In fact, some of the apparent obstacles to biological and biomedical applicability (aqueous solvents, time constraints for radiopharmaceuticals, anaerobic conditions, etc.), may be seen less as a brake than as a spur in the search for imaginative solutions.
The social relevance predicted for this discipline is another encouragement to its development. The range of potential commercial applications appears very promising, whether for environmental applications, bioanalysis, enzymology and biomimetic catalysis, in which the models are increasingly efficient, or indeed the development of novel therapies. The creation of new markets to provide solutions to problems yet to be defined will be one of the motors driving growth in this field, together with fundamental research.
The following chapters illustrate these points on several rapidly-evolving fronts which are worthy of attention for this reason alone. It is clear that the choice of topics is somewhat subjective, but this is counterbalanced by the opportunity it affords of presenting ideas within the context of a single body of work, an approach that will become more difficult as the discipline enjoys rapid expansion in the future. This emphasizes the importance of regular international conferences, such as those begun in Paris in 2002 and continued in Zurich in 2004, which can provide a much wider context for a dynamic view of bioorganometallic chemistry. 
